• Reproductive condition can alter the stress response and glucocorticoid release.
Introduction
Stress and reproduction are intimately intertwined, and as such the effects of stress on reproduction have been investigated in a variety of taxa. Stress, both acute and chronic, can dampen reproductive physiology as well as suppress reproductive behavior [1] [2] [3] [4] [5] . Conversely, reproductive condition can alter the hypothalamic-pituitary-adrenal (HPA) axis stress response and glucocorticoid (GC) release [6] [7] [8] [9] [10] [11] [12] [13] . For example, changes in HPA axis function (e.g., response to GC negative feedback) and GC release patterns (e.g., amplitude and range of the diurnal rhythm; response to stressors) occur during the breeding season in several species (see [12] for review; [5, 14] ).
The functional significance of HPA-axis modulation during the breeding season has yet to be fully elucidated. One of several posited explanations is the behavior hypothesis [9, 12] , which states that the need to express parental behavior may be driving seasonal modification of the HPA axis [12] . Various types of stress have been shown to disrupt parental behavior, and evidence suggests that GCs are at least partially responsible for this effect [15] [16] [17] [18] . The disruption of parental investment (e.g., abandonment or cannibalism of offspring) that can occur in response to major stressors (e.g., prolonged severe weather or food shortage) may increase overall lifetime fitness of parents by increasing the parent's survival, but triaging reproductive effort in response to every minor perturbation (e.g., attempted predation or a minor storm) could be detrimental to reproductive success. Lowering both baseline and stress-induced GC concentrations during the time of intensive parental behavior would reduce the chances of GC levels increasing to a point that would disrupt parental care, and therefore could be beneficial both for offspring survival and for parental fitness [5, 13, 19] .
Due to the universal expression of maternal behavior in mammals, numerous studies have addressed the interactions between motherhood and HPA activity [20] [21] [22] [23] ; however, little is known about the relationship between fatherhood and the HPA axis. In 6-10% of mammals, including humans, both parents provide care for their offspring [24] . In these biparental systems, both mothers and fathers make important contributions to the survival and growth of young (e.g., by providing food, warmth, and protection) and can influence behavioral and neuroendocrine development of offspring [25] [26] [27] . A reasonable hypothesis, therefore, is that in biparental species, both sexes modulate HPA-axis function during periods of parental care in an effort to ensure offspring survival.
Previous data on monogamous, biparental male mammals suggest that reproductive condition, as well as pair bonding, can alter HPA function. For example, in male prairie voles (Microtus ochrogaster), loss of a female pairmate, but not a male cagemate, increased circulating GC concentrations and passive stress-coping behavior [28] , suggesting that the presence of a pair bond can reduce circulating GC levels in males. Similarly, male California mice (Peromyscus californicus) housed with an ovariectomized female had lower basal and stress-induced GC levels than isolated males, suggesting that social living (and presumably pair bonding) can decrease circulating corticosterone (CORT) concentrations [29] . Pair bonding in male California mice may also buffer the CORT response to a repeated stressor, as virgin males housed with another male, but not males pair-housed with a female (either with or without pups), showed an increased GC response to predator urine following repeated exposure [30] . However, no study to date has systematically investigated baseline, stress-induced, and pharmacologically manipulated HPA activity across reproductive conditions in a biparental male mammal.
The California mouse is a valuable animal model for studying the effects of reproductive condition on the HPA axis, as this rodent is both monogamous and biparental [31] [32] [33] . California mouse fathers are highly attracted to pups, engage in all of the same parental behaviors as mothers (with the exception of lactation), and can increase offspring survival under both field and laboratory conditions [25, [34] [35] [36] [37] . When presented with a newborn pup, virgin males of this species are more variable in their expression of paternal behavior than are new fathers [38] [39] [40] [41] [42] [43] . Consistent with this difference in behavior, circulating concentrations of several hormones thought to be associated with the expression of paternal care differ in male California mice as a function of reproductive condition. For example, new fathers have lower plasma progesterone levels than virgin males [39] and fathers have higher systemic levels of prolactin than virgin males or expectant fathers [44] , while expectant fathers have higher systemic levels of oxytocin than do virgin or non-breeding males [45] . Moreover, mated males with pregnant mates have higher testosterone levels than both new fathers and virgins [39] however, fathers have higher levels of aromatase (the enzyme that converts testosterone to estradiol) in the medial preoptic area of the brain ( [39] ; a region important for expression of paternal behavior; [46] ), and testosterone has been shown to increase paternal behavior in California mice via conversion to estradiol [47, 48] . Because testosterone is important for paternal care in this species, and because GCs and stress have been shown to decrease circulating testosterone levels [5, 49] , dampening HPA activity around the time of reproduction may help promote and preserve paternal care. Little is known, however, about how GC (in California mice, CORT) dynamics change with reproductive status in this species.
In this study we evaluated the effects of reproductive status on HPA-axis function in male California mice by characterizing HPA activity and reactivity in virgin males, non-breeding males (pair-housed with tubally ligated females), and first-time fathers. Specifically, we aimed to determine whether fatherhood (or cohabitation with a female) influences 1) baseline HPA activity (diurnal rhythm), 2) HPA response to an acute stressor (predator urine), 3) HPA responsiveness to GC negative feedback (dexamethasone injection), 4) adrenal responsiveness to pharmacological stimulation (corticotropin-releasing hormone [CRH] injection) and, 5) response of the hypothalamic-pituitary-gonadal axis, measured via circulating testosterone, to an acute elevation of CORT. The behavior hypothesis predicts that fathers should show decreased amplitude of the diurnal rhythm in CORT (or an overall reduction in CORT release across the diurnal cycle), a blunted CORT increase following acute stress, increased sensitivity to GC negative feedback, and/or a blunted CORT response to CRH stimulation, as compared to virgins and non-breeding males. In addition, first-time fathers should be more resistant to suppression of testosterone secretion following an increase in CORT, when compared to virgin or non-breeding males, as testosterone is important for paternal behavior in this species.
Methods
Animals were bred and housed at the University of California, Riverside (UCR). The UCR colony was started in 2007 with mice purchased from the Peromyscus Genetic Stock Center (University of South Carolina, Columbia, SC). Mice were housed in polycarbonate cages (44 × 24 × 20 cm) lined with aspen shavings; cotton wool was provided for nesting material. Mice had ad libitum access to food (Purina rodent chow 5001) and water. Lights were maintained on a 14:10 light:dark cycle with lights on at 0500 h and lights off at 1900 h, and ambient temperature was maintained at approximately 23°C with humidity around 65%. Animals were weaned from their birth cage at 27-32 days of age (prior to the birth of any younger siblings), ear punched for identification and housed in same-sex groups of four until the experiment began.
At the start of the experiment mature male mice were randomly placed into one of three conditions (virgin males, non-breeding males, first-time fathers; n = 12 per condition). A power analysis, conducted in G*Power [50] using data from a previous study on diurnal rhythms in CORT [51] , indicated that our samples sizes yielded power of >99%.
Virgin males were housed with an unrelated, age-matched male; non-breeding males were housed with a tubally ligated female (see below); and breeding males were housed with an intact female. Non-breeding males were expected to pair-bond (form an emotional attachment) and mate (see [28] ) with the female, but without conception. After being placed in one of the reproductive conditions, all animals were weighed twice per week in order to monitor body condition and to detect pregnancy in the females from the breeding group. Body mass at the start of the experiment did not differ among the three groups of males (44.48 ± 1.29 g, mean ± SEM; range = 30.00-60.02 g). Moreover, male age at the beginning of data collection did not differ significantly among groups (175.0 ± 2.1 days, range = 148-200 days). Data collection on first-time fathers occurred within the first 3 weeks following the birth of the pair's first litter, and data collection in the other groups was time-matched to that in breeding males. UCR has full AAALAC accreditation, and all procedures were approved by the UCR IACUC and conducted in accordance with the Guide for the Care and Use of Laboratory Animals.
Experimental design
Data collection spanned 14 days for each mouse. Latency from formation of breeding pairs to birth of each pair's first litter was 36.3 ± 0.7 days (range: 33-41 days), and litters contained an average of two pups (range: 1-3 pups); testing began when pups were 0-5 days old (2.2 ± 0.5 days). During the first week of data collection two blood samples were collected from each male for baseline CORT analysis, one at 0800 h and one at 2000 h to capture both the nadir and peak of the daily rhythm in baseline CORT levels, respectively [51] . Consecutive samples from each individual mouse were separated by two days, and the order of sample collection was approximately balanced across animals within each reproductive condition. One week after collection of the first baseline blood sample, mice were exposed to coyote urine (see below) for 5 min, and a blood sample was collected immediately following exposure. One week after predator-urine exposure (14 days after the initial baseline blood sample), each mouse underwent a combined DEX/CRH challenge (see below), after which it was euthanized by CO 2 inhalation, and additional blood was collected by cardiac puncture for analysis of testosterone concentration. Right-side adrenal glands and testes were dissected out, placed in physiological saline, blotted three times on a paper towel, and weighed to the nearest 0.0001 g.
Tubal-ligation surgery
Female mice were tubally ligated using antiseptic techniques and standard surgical procedure. Briefly, mice were anesthetized with isoflurane gas, a ventral midline incision (approximately 1/2 cm) was made, the uterus was located and the ends of the right and left uterine horns were tied off using absorbable sutures (Monomend MT, Veterinary Products Laboratories, Phoenix, AZ). The oviducts were then located and severed using microscissors. All reproductive structures were repositioned back in the abdominal cavity, the abdominal incision was closed with absorbable sutures and the skin was sealed using tissue glue. Mice were given an injection of Ketoprofen (5 mg/kg, s.c.) to provide analgesia and allowed to recover in isolation for 7 days, after which time they were paired with a male for formation of non-breeding pairs. Upon termination of the experiment, tubally ligated females were sacrificed with CO 2 and dissected to check for pregnancy; none of these females had visible embryos or fetuses at the time of sacrifice.
Blood-sample collection
Mice were anesthetized with isoflurane, and blood samples (70-140 μl) were collected from the retro-orbital sinus using heparinized glass microhematocrit tubes. Time from disturbance of the cage or end of the test to collection of the blood sample was less than 3 min, with one exception (67.44 ± 1.69 s; range: 36-210). Blood samples were centrifuged for 12 min (13,300 rpm, 4°C), and plasma was collected and stored at − 80°C until assay.
Corticosterone radioimmunoassay
Plasma was assayed in duplicate for corticosterone using an 125 I double-antibody radioimmunoassay kit (#07-120102, MP Biomedicals, Costa Mesa, CA) that has been validated for this species [30] . The standard curve ranged from 12.5 ng/ml (91% bound) to 1000 ng/ml (20% bound), and inter-and intra-assay coefficients of variation (CVs) were 10.7% and 4.11%, respectively (N = 45 assays). Samples from each mouse were analyzed in the same assay run, and treatment conditions were balanced across assays to minimize assay-induced variation.
Testosterone enzyme immunoassay
Plasma concentrations of testosterone were measured at the Assay Services Laboratories at the Wisconsin National Primate Research Center (University of Wisconsin -Madison, WI, USA) using procedures validated for P. californicus [47] . Briefly, samples were extracted with ethyl ether, and steroids were separated using celite chromatography. Total testosterone was analyzed in duplicate using an enzyme immunoassay (T antibody R156, University of California, Davis diluted to 1:35,000). Assay sensitivity at 90% binding was 0.9 pg, and inter-and intra-assay coefficients of variation (CVs) were 15.5% and 3.9%, respectively (N = 54 assays).
Predator-odor exposure
Males were stressed alone without their adult cagemate or pups present. We chose to isolate males during predator-urine exposure for two reasons: 1) not all males had pups, and 2) the presence of pups has been shown to increase the response to a psychological stressor in rat dams [52] . Between 0800 and 0930 h, males were removed from their home cage, placed into a new cage that contained clean bedding and no food or water, and taken to a testing chamber. A cotton ball soaked with 1 ml of coyote urine (Maine Outdoor Solutions, Hermon, ME) was then placed in the corner of the cage for 5 min. Immediately after exposure, mice were blood sampled and then returned to their home cage. Predator-odor stress has been used in our lab previously (see [30] for details) and produces a robust CORT response in California mice at this time of day [51] .
Dexamethasone and corticotropin-releasing hormone injections
On the day prior to the DEX/CRH challenge the mice were weighed to permit calculation of accurate, body-mass-corrected hormone doses. On the last day of data collection (day 14) males were injected i.p. with 10 mg/kg dexamethasone sodium phosphate (DEX; 4 mg/ml, American Regent, Inc., Shirley, NY) at 0730-0830 h and then placed back into their home cage. This dose of DEX has previously been shown to suppress plasma CORT levels of male California mice at 8 h following injection [51] .
On day 14, 8 h following DEX injection, each male was blood sampled, injected with CRH (C3042, Sigma Aldrich, St. Louis, MO; 4 μg/kg, i.p.) at 1530-1630 h and then placed back into its home cage. Forty-five min after CRH injection each mouse was blood sampled and the animal was again returned to its home cage. Finally, 90 min after CRH injection, another blood sample was collected from the retro-orbital sinus, mice were euthanized by CO 2 inhalation, and additional blood was collected by cardiac puncture for analysis of testosterone concentration. CRH was diluted in sterile water to a 1 μg/ml solution, and injection doses were based on male body mass. Dose was determined via pilot studies in our laboratory (data not shown), which indicated that this dose could successfully elevate CORT 8 h after DEX suppression.
Analysis
Data were checked for normality using the Shapiro-Wilk test and transformed if necessary. All CORT and testosterone values were log 10 -transformed prior to analysis, but non-transformed values are presented for ease of interpretation. CORT data were analyzed via ANOVA, and area under the curve was calculated in two ways to quantify total CORT release over time following DEX/CRH injection. The first, AUCg, represents the total amount of hormone produced over time with respect to a starting value of zero, thus not accounting for baseline (post-DEX) levels of circulating hormone. The second, AUCi, characterizes the sensitivity of the HPA axis to CRH by evaluating the amount of hormone produced above the starting baseline level (thus taking post-DEX CORT values into consideration) [53] . Associations between CORT and testosterone concentrations were evaluated using Pearson's correlation. Body masses at the start of data collection and on the day prior to dissection were analyzed via repeated-measures ANOVA; age was analyzed via one-way ANOVA. Testis and adrenal masses were analyzed using ANCOVAs with day-13 body mass as a covariate, following the methods of Tomkins and Simmons [54] , except that organ mass was not subtracted from body mass due to differences in the number of significant figures (mass was measured to the nearest 0.01 g and organs to the 0.0001 g).
Results

Basal CORT concentrations
All mice had higher circulating CORT concentrations at 2000 h when compared to 0800 h (1500.4 ± 81.8 vs. 35.6 ± 4.00 ng/ml, respectively; F 1,33 = 1043.02, P b 0.001; Fig. 1 ), but CORT levels did not differ significantly among the three groups (F 2,33 = 0.07, P = 0.993), nor was there a time ⁎ group interaction (F 2,33 = 2.37, P = 0.108). Additionally, a planned comparison between virgin males and fathers did not reveal an effect of reproductive condition on CORT concentrations at either 2000 h (t 22 = 1.36, P = 0.094) or 0800 h (t 22 = 0.89, P = 0.253; 1-tailed, independent-samples t-tests). For all animals analyzed together, baseline CORT levels at the two time points were not correlated (r = 0.133, n = 36, P = 0.439); thus, higher 0800 h CORT values were not associated with higher 2000 h CORT concentrations.
CORT response to predator urine
Five-minute exposure to coyote urine elicited a significant increase in plasma CORT above time-matched baseline levels (425.80 ± 66.73 vs. 36.60 ± 4.00 ng/ml, respectively; F 1,33 = 208.33, P b 0.001; Fig. 2 ). However, reproductive condition did not affect the CORT response to predator urine (F 2,33 = 0.54, P = 0.586), nor was there a condition ⁎ time interaction (F 2,33 = 0.59, P = 0.560). Baseline CORT values at 0800 h were not correlated with post-stress values (r = 0.284, n = 36, P = 0.093).
CORT response to DEX and CRH
One post-DEX plasma sample was lost during processing. Therefore, data are available from 12 virgin males, 12 non-breeding males, and 11 first-time fathers. CORT levels at 1530-1630 h, 8 h following DEX injection, did not differ among reproductive conditions (F 2,34 = 0.05, P = 0.948; Fig. 3 ). Subsequent CRH injection caused an increase in plasma CORT, as reflected in a significant main effect of time (F 2,64 = 67.57, P b 0.001), but CORT levels were not influenced by reproductive condition (F 2,32 = 0.29, P = 0.744), nor was there a time ⁎ reproductive condition interaction (F 4,64 = 0.35, P = 0.842). Sidak-corrected post-hoc tests revealed that CORT concentrations at both 45 and 90 min post-CRH were higher than those 8 h following DEX injection (t = 5.79, P b 0.001; t = 10.47, P b 0.001, respectively; Fig. 3 ). Additionally, plasma CORT was higher at 90 min than at 45 min post-CRH injection (t = 6.73, P b 0.001). Post-DEX CORT concentrations correlated positively and significantly with both post-CRH measures (45 min: r = 0.478, n = 35, P = 0.004; 90 min: r = 0.338, n = 35, P = 0.047); thus, mice that had higher CORT levels before CRH injection also had higher CORT levels after CRH injection. The two post-CRH CORT values were also positively correlated (r = 0.749, n = 36, P b 0.001).
In addition to repeated-measures ANOVA, we analyzed timeintegrated CORT responses to CRH using two calculations for area under the curve (AUC), as described above. Reproductive condition did not influence AUCg ( 
Testosterone
Data from five animals were omitted due to assay problems, leaving data from 31 males in the analysis (10 virgin males, 10 nonbreeding males, 11 first-time fathers). Reproductive condition did not affect plasma testosterone concentrations measured 90 min after CRH injection (F 2,28 = 0.18, P = 0.838). Testosterone concentration averaged 409.06 ± 56.31 pg/ml with a range of 88.21-1203 pg/ml, consistent with testosterone concentrations previously reported for virgin male California mice around the same time of day [55] . Since neither testosterone nor CORT levels differed with reproductive condition, the post-injection log 10 hormone concentrations were analyzed for all three conditions together. Testosterone concentrations at 90 min post-CRH were positively correlated with CORT concentrations at both the 45-and 90-min post-CRH time points (r = 0.489, n = 31, P = 0.005; r = 0.396, n = 31, P = 0.028; respectively), but not with post-DEX injection CORT levels prior to CRH injection (r = 0.200, n = 30, P = 0.289).
Body mass
Body mass did not change significantly the day prior to the start of data collection to the day before dissection, 13 days after the first baseline blood sample (44.48 ± 1.29 vs. 44.76 ± 1.43 g; F 1,32 = 2.01, P = 0.166). Additionally, reproductive condition did not influence body mass (F 3,32 = 1.47, P = 0.245), and there was no reproductive condition ⁎ time interaction (F 2,32 = 1.58, P = 0.221).
Testis and adrenal mass
Body mass did not differ among groups on the day prior to dissection (44.76 ± 1.43 g, range 31.10-62.99 g; F 2,33 = 2.28, P = 0.119), and this variable was used as a covariate for organ-mass analyses. Adrenal mass data did not pass the Shapiro-Wilk test and were transformed by taking values to the 0.5 power. Initially, ANCOVAs were computed using organ mass, body mass, and the organ mass ⁎ body mass interaction. For both organs of interest the interaction term was not significant and was dropped from the model; body mass remained in the model as a covariate, even though it was not a significant term in either instance.
Adrenal mass differed significantly among reproductive conditions (F 2,32 = 4.70, P = 0.016; Fig. 4 ). Pairwise comparisons showed that adrenal mass was lower in fathers than in both virgin (t = 2.86, P = 0.007) and non-breeding (t = 2.50, P = 0.024) males but did not differ between the latter two groups (P = 0.522; Fisher's LSD pairwise comparisons). Right testis mass did not differ significantly among the three reproductive conditions in a two-tailed test (F 2,32 = 2.92, P = 0.068), but non-breeding males tended to have heavier testes than the other two reproductive conditions (non-breeding males: 0.216 ± 0.016; virgin males: 0.163 ± 0.019; first-time fathers: 0.175 ± 0.013 g).
Discussion
This experiment addressed several predictions related to the behavior hypothesis of glucocorticoid regulation. We predicted that first-time California mouse fathers would show decreased amplitude of the CORT diurnal rhythm, a blunted CORT increase following exposure to an acute predator-odor stressor, increased sensitivity to glucocorticoid negative feedback, and/or a blunted CORT response to CRH, as compared to virgin males and non-breeding males. In addition, we predicted that first-time fathers would be more resistant to CORT-induced suppression of testosterone levels when compared to virgin or non-breeding males, as testosterone promotes paternal behavior in this species [47, 48] . Contrary to our predictions, first-time fathers did not show any differences in baseline, post-stress, DEX-suppressed, or CRH-stimulated CORT concentrations when compared to non-breeding and virgin males; CORT levels of the three groups were statistically indistinguishable at each time point measured. Additionally, circulating levels of testosterone did not differ among groups, but testosterone values were positively correlated with post-CRH CORT values at both 45 and 90 min post-CRH injection. However, since we were not able to measure baseline testosterone concentrations we cannot be certain that virgin males, non-breeding males and first-time fathers had equivalent resting testosterone values. Therefore, despite the lack of difference in testosterone concentrations between the groups at 90 min post-CRH injection, we cannot determine the magnitude of change in the face of acute CORT elevation.
Although the three reproductive groups did not show differences in circulating hormone levels, differences in adrenal mass were detected: adrenal glands of breeding males weighed significantly less than those of non-breeding and virgin males. Previous studies of other rodents have noted differences in adrenal mass with reproductive condition and season, but results are mixed. Sexually active male mountain voles (Microtus montanus) had significantly smaller adrenal glands than sexually inactive males [56] , whereas adrenal mass of male red-backed voles (Clethrionomys rutilus) remained relatively consistent throughout the year [57] . Conversely, adrenal glands of male pine voles (Microtus pinetorum) were larger during the reproductive period than during the nonbreeding season, and it was hypothesized that this increase was due to increased social stress during the breeding season [58] . The functional significance of changes in adrenal size is not entirely known, but adrenal size has been shown to correlate with circulating levels of GC in some species (for a brief review see [12] ). However, despite a difference in adrenal mass, CORT levels did not differ between reproductive conditions in this study. Without histological analysis to determine which portion(s) of the adrenal gland (medulla and/or one or more of the three cortical layers) differs among reproductive groups, few conclusions can be drawn from adrenal-mass results at this time. Future studies could characterize adrenal histology or measure aldosterone and/or DHEA levels, as both of these hormones are produced in the adrenal cortex and have been suggested to change with parental status in males of biparental species [59, 60] .
The findings from our study of California mice suggest that the behavior hypothesis does not explain HPA function in this biparental rodent. Reproductive status does not appear to modulate circulating CORT concentrations or HPA-axis dynamics in males, and changes in CORT levels do not appear to be necessary for breeding or expression of parental behavior. This conclusion is further supported by a previous experiment showing that injecting new California mouse fathers with a supra-physiological dose of CORT does not reduce paternal care or influence pup survivorship [61] . Additionally, neither morning basal nor post-stressor (predator-urine exposure) CORT levels differed among first-time fathers, vasectomized males housed with a female, and virgin males housed with another male [30] . In the latter study, the fathers' pups (and pairmate) were present when the fathers were exposed to predator odor. In other mammals, offspring presence either increases (rats; [52] ) or decreases (sheep; [62] ) the mother's HPA response to an acute stressor. In the current study pups were not present during predator-urine stress, but there was no difference in post-urine-exposure CORT levels between virgin males, non-breeding males and first-time fathers. In sum, these previous and current findings suggest that paternal care in California mice is not likely to be mediated by GCs, and that male reproductive status does not alter basal or stress-induced CORT release or HPA dynamics.
Most of the data in support of the behavior hypothesis have come from a variety of bird species analyzed during the breeding season, and some of the most convincing data come from extreme environments, e.g. the Arctic (see [5, 9, 12] ). A review of the mammalian literature, with particular focus on males, suggests that the behavior hypothesis does not seem to be as well supported as in birds. In biparental prairie voles [63] , no differences in plasma CORT were found among virgin males, paired males, and fathers, mirroring our findings in California mice. Male striped mice (Rhabdomys pumilio) switch between three different reproductive tactics -philopatric (alloparental), roamers (not paternal), and breeders (paternal) -and longitudinal data show that baseline plasma CORT levels are higher during life history states that involve care of pups, contrary to the behavior hypothesis [64] . In biparental golden lion tamarins (Leontopithecus rosalia), fecal GC levels did not differ across male reproductive conditions or between the mating and infant-care seasons [65] . Similarly, in biparental common marmosets (Callithrix jacchus), plasma cortisol levels did not differ among males that were singly housed, pair-housed with a female, or family-housed with a mate and offspring [66] .
These studies are consistent with our findings that reproduction is not associated with decreased CORT levels in California mice. However, a study on human males showed that fathers had lower salivary cortisol levels than did non-fathers [67] . Similarly, parentingoriented (pairbonded or fathers) men had lower morning and evening salivary cortisol levels than did mating-oriented (nonpairbonded, non-fathers) men [68] . The majority of studies on male mammals have been correlational or have focused on changes in hormone levels either before, during, or immediately following a bout of paternal care. Additional studies are needed in order to provide a more comprehensive data set on the relationship between reproductive status and GC modulation in mammalian fathers.
The absence of detectable differences in CORT levels among male reproductive groups in California mice may be related to features of this species' physiology and/or life history. First, despite the fact that we used a highly controlled experimental design, it is possible that our measure of HPA function was not specific enough. California mice have high levels of circulating GCs as compared to most mammals, and are somewhat resistant to GC negative feedback [51] . Corticosteroid receptors in this species might have low affinity for GCs, as reported in other species with high GC concentrations (prairie voles; [69] ; New World primates and guinea pigs (Cavia sp.); [70] ). Thus, it is possible that corticosteroid receptors, and not plasma levels of CORT, are the main site of modulation of HPA function. Supra-physiological doses of CORT do not disrupt paternal behavior in California mice, and daily peak basal levels of CORT are higher than some post-stress concentrations [51, 61] , further suggesting that circulating CORT levels may not be the major site of GC-activity regulation. Additionally, corticosteroid-binding globulin (CBG) and/or 11β-hydroxysteroid dehydrogenase, the enzyme that converts CORT to its inactive form, might also play a role in modulating functional levels of CORT [71] . Analysis of receptor number and density, as well as CBG and 11βHSD activity, might provide illuminating results.
A second possible explanation involves the social organization of California mice. In nature, California mice mate for life, breed almost year-round, and are thus almost always in a pair-bonded situation with a single partner [25, [31] [32] [33] . Thus, pairing, and not birth of offspring, may trigger modulation of the HPA axis. All mice in our experiment were pair-housed with either a female or another male, but in the wild these animals do not naturally live in male-male pairs, and any dyad of wild mice is likely to be breeding and caring for young. It is possible that using any socially housed animal in the lab mimics the natural living conditions of a reproductive pair, thus making our treatment groups almost indistinguishable. Previous data on California mice lend support to this possibility. CRH and Fos expression in the paraventricular nucleus of the hypothalamus, both under baseline conditions and in response to a predator-odor stressor, did not differ between males that were pair-housed with either another male or a female (with or without pups), but did differ between these groups of pair-housed males and singly housed males [43] . Moreover, socially isolated males had higher baseline CORT levels than males paired with a female [29] . It could be that laboratory breeding has selected for males that form amicable male-male pairs, and that these males respond to being paired with another male in a similar manner as they would if the pairmate were female, at least with respect to HPA function.
Lastly, California mice are naturally found in areas with mild climates -the mountains of central and southern California -and can (and do) breed almost year-round [72, 73] . Therefore, it is possible that these mice do not need to fine-tune the HPA response because they rarely experience periods of extreme conditions, at least in comparison to species breeding in very severe (e.g., polar or highly seasonal) climates. Support for this possibility has been found in birds; HPA modulation is more pronounced in species from harsh or extreme habitats as compared to their more temperately located relatives [9, 12, 74] .
